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Abstract

Background: The main objective of this study was to determine whether myocardial strain and myocardial work are altered in hyper-
tension and whether the strain is independent of hypertension-induced left ventricular hypertrophy. Methods: Two systematic literature
searches were conducted using Medline and EMBASE through to June 30, 2022. In the first, search terms left ventricular strain or speckle
tracking AND hypertension and left ventricular hypertrophy were used in conjunction with Boolean operators to identify articles reporting
left ventricular strain in patients with hypertension. In the second, the terms Global cardiac or myocardial work AND hypertension were
used to identify articles. Publication bias was assessed by examination of funnel plots and calculation of the Failsafe N and Duval and
Tweedie’s Trim and fill. The results were presented as Forrest plots. Results: Global longitudinal strain (GLS) was significantly lower in
patients with hypertension compared to those without hypertension with a mean difference of 2.0 & 0.1 (standard error of mean(SEM))
in the fixed effect model. Global circumferential strain (GCS) was significantly lower in hypertension. The mean difference between the
hypertensive and non-hypertensive groups was 1.37 &+ 0.17. Global radial strain (GRS) was significantly (p < 0.05) greater in hyper-
tension. However, this difference was significant in only 3 and of borderline significance in 3 of 14 studies where GRS was measured.
The mean difference between the hypertensive and non-hypertensive groups was 1.5 £ 0.5 using the fixed effects model. There was a
significant relationship between GLS and GCS as well as between GCS and GRS but no significant relationship between GLS and GRS.
There was no significant difference in left ventricular ejection fraction (LVEF) between the hypertension and no hypertension groups.
There was no significant relationship between LVEF and either GLS or GCS but a significant negative correlation was found between
LVEF and GRS. GLS was further reduced in persons with hypertension and left ventricular hypertrophy (LVH) compared to hypertension
without LVH. In contrast, there were no or minimal differences in GCS and GRS for individuals with hypertension and LVH compared
to those without LVH. Global myocardial work index (GWI) and Global constructive work (GCW) were significantly greater in patients
with hypertension compared to controls. Global wasted work (GWW) indicated significantly less wasted work in controls compared to
hypertension. In contrast, Global work efficiency (GWE) was significantly lower in hypertension compared to the control. Conclusions:
There was a significant reduction in GLS and GCS in hypertension while GRS was increased. The reduction in GLS in hypertension was
not dependent on the presence of LVH. GLS was further reduced in persons with hypertension when LVH was present. In contrast, there
were no or minimal differences in GCS and GRS for individuals with LVH compared to those without LVH. GLS was independent of left
ventricle (LV) ejection fraction. GWI, GCW and GWW were greater in hypertension while GWE was lower in hypertension compared
to controls. These data support the contention that GLS and indices of global work are early markers of hypertensive heart disease.

Keywords: global left ventricular strain; global longitudinal strain; global circumferential strain; global radial strain; hypertension; left
ventricular hypertrophy; global left ventricular work

1. Introduction useful in recognizing the early adverse effects of cancer
chemotherapeutic agents on the heart. Myocardial strain is
a dimensionless index of length change between two given
points, which reflects the degree of myocardial deformation
[6]. It has been recognized for a long time that the con-
tractile function of the heart is dependent on contraction of
myocardial fibers that have different orientations at various
levels of the heart [7-9]. The longitudinal arrangement of
fibers on the oblique parts of the heart contrasts with the
circumferential arrangement of those on other parts of the
heart [8]. Contraction of myocardial fibers that have dif-
One approach that has attracted recent attention, t0  ferent orientations produces deformation in different direc-

identify the early cardiac effects of hypertension is the  {jong g0 that strain can be assessed in the various directions
assessment of myocardial strain, which has proved to be

The impact of hypertension on the heart includes
thickening of the left ventricular wall that later leads to in-
sufficient myocardial perfusion—myocardial ischemia, and
to heart failure with both reductions in systolic and dias-
tolic function [1-5]. Early recognition of the consequences
of hypertension on the heart may be an indication for more
vigorous antihypertensive drug treatment to avert or min-
imize the development of the full blown consequences of
hypertension on the heart.
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in which the myocardium deforms. Cardiomyocyte defor-
mation, stretching, shortening and thickening in the differ-
ent myocardial layers translates into left ventricular stretch-
ing, shortening and thickening, that can be measured as per-
centage longitudinal, circumferential and radial strain [10].
Subendocardial and subepicardial layers are purported to be
mainly responsible for longitudinal strain; mid-myocardial
layers mainly account for circumferential strain and thick-
ening of all fibers in all three layers is responsible for radial
strain [10]. Longitudinal strain evaluates the apex-base de-
formation, circumferential strain evaluates circumferential
deformation while radial strain represents radial thickening
of the myocardium [10,11]. However, the distribution and
angulation of myofibers in all layers can contribute to each
of these three kinds of strain [10].

Until recently it was not possible to readily assess
changes in myocardial contractility in the different orien-
tations in the heart. The introduction of speckle tracking
echocardiography permitted a quantitative assessment of
myocardial motion in discrete areas of the myocardium that
correspond to different layers of the heart [12]. Speckle
tracking echocardiography provides accurate and angle-
independent measurements of left ventricle (LV) dimen-
sions [13]. There is evidence that assessment of myocar-
dial strain may be superior to the left ventricular ejection
fraction as a predictor of major adverse cardiac events such
as cardiac death and hospitalization due to heart failure
[14,15].

A relatively new method to evaluate myocardial sys-
tolic performance is the concept of assessing myocardial
work performed during systole because it takes into account
not only left ventricular deformation (strain) but also ad-
justs for after load which can influence LV strain [16]. The
left ventricular pressure-strain relationship can be assessed
noninvasively incorporating systemic arterial blood pres-
sure coincident with measurement of left ventricular strain
from which several different kinds of myocardial work can
be calculated [16,17]. Global myocardial work indices ob-
tained from LV pressure—strain loop (LV PSL) strongly cor-
relate with invasive measurements [18]. Global myocar-
dial work index (GWI) represents the total work within the
area of the LV PSL. Constructive myocardial work (GCW)
represents work performed by LV ejection during systole.
Global wasted work (GWW) is work performed by the LV
that does not contribute to LV ejection. Global work effi-
ciency (GWE) is the ratio of global constructive myocardial
work (GCW) to global wasted work (GWW) and represents
the efficiency of LV mechanical energy that is expended in
systole.

Whether myocardial strain is altered in hypertension
and whether it is independent of hypertension-induced left
ventricular hypertrophy is an ongoing question. Some in-
vestigators concluded that there were no differences in
some elements of left ventricular strain in hypertension
while other investigators concluded the reverse [19-22].

The assessment of left ventricular strain in different direc-
tions may compound the variability of the results. Whether
myocardial work is altered in hypertension is also unre-
solved. The objectives of this review were several folds
to focus on hypertension and determine (i) which type of
myocardial strain, longitudinal, circumferential or radial, if
any were abnormal in hypertension (ii) whether any abnor-
mality in strain was related to or independent of left ven-
tricular ejection fraction or left ventricular hypertrophy and
(ii1) whether hypertension alters myocardial work indices.

2. Methods

2.1 Literature Search

A systematic search was conducted of Medline and
EMBASE. The search was conducted from the inception
of each database through to June 30, 2022. Search terms
left ventricular strain or speckle tracking AND hyperten-
sion and left ventricular hypertrophy were used in con-
junction with Boolean operators to identify articles report-
ing left ventricular strain in patients with hypertension.
A second search was conducted with the terms myocar-
dial OR cardiac work AND hypertension. Because there
was no primary patient or animal contact, there was no re-
quirement for approval from our research ethics commit-
tee. The meta-analysis was not registered. The search was
conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [23]
(Supplementary Fig. 1).

Titles and abstracts were screened to identify arti-
cles for full-text review. The inclusion criteria included
echocardiographic measurement of left ventricular strain or
myocardial work. The exclusion criteria were articles: (i)
not published in English; (ii) involved non-human subjects;
(iii) non-primary research articles (reviews, editorials or let-
ters commenting on an article); (iv) pediatric age popula-
tion (v) secondary hypertension (vi) unrelated to the inves-
tigated topic, e.g., only focused on ECG and ECG pattern
of left ventricular hypertrophy (LVH) and strain; and (vii)
did not provide a direct comparison of control and individu-
als with hypertension, i.e., focused only on an aspect of LV
strain or work or (viii) relevant data could not be extracted
from the paper.

The following items were extracted from each paper,
authors, year of publication, age, sex, left ventricular mass,
left ventricular ejection fraction, ventricular longitudinal
strain, circumferential strain and radial strain as well as in-
dices of myocardial work.

2.2 Statistical Analysis

Results were quantified using forest plots depicting
the standard difference of means, 95% confidence inter-
val, and p-value. The meta-analysis was performed us-
ing Comprehensive Meta-Analysis (Biostat Inc., NJ, USA).
Study heterogeneity in the meta-analysis was tested using
Cochran’s Q, I? statistic and Tau? where variance is de-
scribed by SEM. Otherwise the data is presented as the

&% IMR Press


https://www.imrpress.com

Global longitudinal strain

Model Studyname Statistics for each stud: Std diff in means and 95% CI
Std diff  Standard Lower Upper
in means error Variance limit limt Z-Value p-Value

Lemboet al 2020 -0514 0.121 0015 0752 -0277 -4241 0.000 =
Esposito et al 2019 -0418 0262 0069 -0931 00% -156 0111 —-
Xuetal 2019 -0653 0.185 0034 1015 -0291 358 0000 E o
Sunetal 2018 -0.741 0.163 07 1061 -0421  -4534 0000 E o
Mordi et al 2018 -0461 0.289 0083 -1027 0104 -159 0110 —
Minatoguchi et al 2017 -1419 0.191 0037 -1.79%4 -1044 -7415 0000 -
Huang et al 2016 -0383 0201 0040 -0777 0011 -1906 0057 —-
Szelenyi et al 2015 2741 0316 0100 -3360 -212 -8680 0000 ——
Santoroet al 2014 -0208 0.324 0105 -0843 0427 -0643 0521 ——
Shinet al 2014 -085%6 0234 0055 -1314 -03%8 -3665 0.000 -
Tadic et al 2014 -1.149 0217 0047 -1574 -0724 -529 0000 -
Celic et al 2014 -1193 0173 0030 -153 -0853 -6875 0000 -
Ozlen et al 2014 -0951 0204 0042 1351 -0551 -4661 0.000 E =
Kouzu et al 2011 -0529 0.181 0033 -084 -0174 -292 0.003 -
Irbalzano et al 2011 -1372 0220 0048 -1804 -0941 6235 0000 -
Galderisi et al 2010 -1486 0372 0138 2215 -0758  -4001 0.000 -+
Cappelli et al 2009 -0.800 0.307 004 1402 -019 2600 0009 ——
Narayanan et al 2009 -0667 0201 0041 1062 -0272 -3309  0.001 -

Fixed -0836 0.049 0002 -0931 -0741 -17198  0.000 ¢

Random -0899 0.113 0013 -1121 -0678 -7947 0000 P
-4,00 -200 0.00 2,00 4,00
Control Hypertension
Meta Analysis

Fig. 1. The forest plot for Global longitudinal strain (GLS) in patients with hypertension compared to control groups without
hypertension. The overall standard difference of the means was significant for both the fixed and random effects models. There was
significant heterogeneity with Q = 99.8, p < 0.001, I? = 83.0 and Tau® = 0.689 + 0.313 (SEM). The failsafe N was 1201 and Duval and
Tweedie’s Trim and fill was —0.772 (-0.867, —0.677) for the fixed effect model. SEM, standard error of mean; CI, confidence interval.

Global LV Circumferential strain

Model  Studyname Statistics for each study Std diff in means and 95% CI
std diff  Standard Lower Upper
in means error Variance limit limit 2Z-Vaue p-Vdue
Esposito et al 2019 -0.492 0.283 0069 -1007 002 -1875 0061 —.:L_
Xuetal 2019 0.072 0.180 0033 -02802 0425 0397 08691
Sunetal 2018 0157 0.158 0025 -0153 0468 094 0320 —-+i—
Mord et ol 2018 -1.185 0309 0095 -17%0 -0580 -380 0000 —8—
Minetoguchi e & 2017 -1.508 0.1% 0038 -198 -1214 -8145 0000 ——
Huang etal 2016 -0.188 0.200 0040 -05/ 0203 -0943 0346 ——
Szelenyi et al 2015 0.082 0.257 0066 -042 0586 0318 0750 ——
Santoroet al 2014 -1.167 0349 012 -1851 -0483 -3344 0001 ——
Shinet el 2014 -0.389 0226 0051 -083 0053 -173 0085 ——
Tadcetd 2014 -0.388 0.203 0041 -078 0010 -1912  00% —il—
Celic e al 2014 -0.728 0167 0028 105 -0400 -43%6 0000 i
Ozlen et ol 2014 -0.009 0.194 0038 -03% 0372 -0045 0964 :::
Kowzu et d 2011 -0.017 0178 0032 -0366 0332 -0086 0924
Inbalzanoet a 2011 0.160 0198 0039 -028 0569 0.906 0365 —1|—
Galderisi eyal 2010 -0.39 0331 0110 -0978 0320 -0%3 0320 i
Cappelli et al 2009 0943 0311 0097 03B 153 301 0002 ——
Narayanan et d 2009 0.000 0.19% 0038 -038% 033 0000 1000
Fixed -0.250 0.051 0003 -0380 -0159 -5061 0000 L |
Randem -0.289 0137 0019 -055 -0021 -210 0035
-200 -1.00 0.00 1.00 200
Control Hypertension
Meta Analysis

Fig. 2. The forest plot for Global Circumferential strain (GCS) in patients with hypertension compared to control groups without
hypertension. The overall standard difference of the means was significant for both the fixed and random effects models. There was
significant heterogeneity with Q = 109.015, p < 0.001, I? = 85.323 and Tau® = 0.264 + 0.116 (SEM). The failsafe N was 105 and Durval
and Tweedie’s Trim and fill was —0.260 (—0.80360, —0.159) for the fixed effect model. LV, left ventricle; CI, confidence interval.
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Table 1. The patient characteristics for the studies of left ventricular strain.

Control HTN

Author Assessment

N  Age(yrs) Sex(%M) LVmass(gm?) LVEF N  Age(Yrs) Sex(%M) LV mass(gm?) LVEF
Lembo et al. 2020 [22] echocardiogram + 115 42 60 31 62.6 180 44 63 33 62.5
Esposito et al. 2019 [20] echocardiogram 82 54 59 88 60.4 18 56 50 101 58.7
Xu et al. 2019 [36] echocardiogram 50 53 24 84 64.4 80 54 50 131 65.1
Sun et al. 2019 [38] echocardiogram 80 51 79 92 65 80 51 79 116 64.3
Mordi et al. 2018 [28] echocardiogram 28 68 50 NA 64.3 22 67 77 NA 65.6
Minatoguchi et al. 2017 [29] echocardiogram 54 69 61 87 67 50 70 60 95 67.9
Huang et al. 2016 [37] echocardiogram 42 50 NA NA 65 63 55 NA NA 64.6
Szelenyi et al. 2015 [30] ecocardiogram 18 66 33 90 67.6 94 69 34 109 65.3
Santoro et al. 2014 [19] echocardiogram 17 40 100 89 58.7 22 48 100 126 58.5
Shin et al. 2014 [35] echocardiogram 40 29 78 79 62.1 40 30 84 84 62
Tadic et al. 2014 [34] echocardiogram 49 49 78 39 60 50 48 80% 48 56.6
Celic et al. 2014 [27] echocardiogram + 50 46 76 39 65 152 48 77 45 63.3
Ozkan et al. 2014 [26] echocardiogram 40 52 70 66 66.2 78 51 65 102 65.1
Kouzu et al. 2011 [31] echocardiogram 55 59 15 83 66 74 62 23 114 66.4
Imbalzano et al. 2011 [33] echocardiogram 51 52 65 64 63 51 51 65 103 59.5
Galderisi ef al 2010 [32] echocardiogram + 19 29 100 31 61.7 18 33 100 37 61.6
Cappelli et al. 2009 [24] echocardiogram 24 45 54 93 62.7 22 52 77 140 64.1
Narayanan et al. 2009 [21] echocardiogram 52 49 27 66 66 52 53 46 89 67.9

HTN no LVH HTN with LVH

N Age Sexm% LV mass (g/m?) N Age sex m% LV mass (g/m?)
Esposito ez al. 2019 [20] echocardiogram 18 56 56 81 10 58 0.9 137
Xuetal. 2019 [36] echocardiogram 40 53 50 86 40 55 50 126
Minatoguchi et al. 2017 [29] echocardiogram 50 70 70 60 40 69 58 132
Huang et al. 2016 [37] echocardiogram 35 55 NA NA 28 54 NA NA
Szelenyi et al. 2015 [30] echocardiogram 38 66 24 105 56 72 41 125
Ozkan et al. 2014 [26] echocardiogram 38 49 63 81 40 53 68 123
Goebel al 2011 [25] echocardiogram + 36 65 44 42 44 63 38 66
Imbalzano ef al. 2011 [33] echocardiogram 24 53 58 81 27 60 70 122

Echocardiogram+ is g/m?-7

HTN, hypertension; LV, left ventricle; LVEEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; NA, not available.

+ is the symbol that refers to different units of LVH.
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Table 2. The patient characteristics for the study of left ventricular work.

Author Control HTN
N  Age(yrs) Sex(%M) LVmass(gm?) LVEF(%) N  Age Sex(%M) LV mass(g/m?) LVEF (%)

Tsai et al. 2022 [39] 32 53 375 74 70 43 51 56 74 67
de Andrade Hygidio ef al. 2022 [40] 16 61 35 83 66 55 61 25 91 66
Ding et al. 2022 [41] 40 49 NA 91 67 60 58 NA 93 66
Huang ef al. 2021 [42] 53 47 53 94 65 95 49 62 107 64
Tadic et al. 2021 [44] 45 54 53 67 61 159 56 56 83 60
Jaglan et al. 2021 [45] 15 38 47 77 60 65 65 46 97 61
Loncaric et al. 2020 [46] 30 54 44 68 58 139 57 52 76 56
Tadic ef al. 2020 [43] 55 51 52 70 63 110 55 52 87 62
Chan et al. 2019 [47] 8 54 38 77 61 37 72 65 186 62

HTN, hypertension; LV, left ventricle; LVEF, left ventricular ejection fraction.

Table 3. The formula used to calculate left ventricular mass and the criteria for definition of left ventricular hypertrophy.

Author

Criterion

Definition left ventricular hypertrophy

Esposito et al. 2019 [20]

Xu et al. 2019 [36]
Minatoguchi et al. 2017 [29]
Huang et al. 2016 [37]
Szelenyi et al. 2015 [30]
Ozkan et al. 2014 [26]
Goebel al 2011 [25]
Imbalzano et al. 2011 [33]

European Society of Cardiology guidelines.

Devereux formula

American Society of Echocardiography recommendations
Not defined

Devereux formula

Devereux formula

Devereux formula

American Society of Echocardiography recommendations

Not defined

>115 g/m? in men and >95 g/m? in women
>115 g/m? in men and >95 g/m? in women
>125 g/m? in men and >110 g/m? in women
>115 g/m? in men and >95 g/m? in women
>115 g/m? in men and >95 g/m? in women
Not defined

>102 g/m? in men and >81 g/m? in women
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mean + SD. Publication bias was assessed by examination
of funnel plots and calculation of the failsafe N and Duval
and Tweedie’s Trim and fill.

3. Results

The initial search for left ventricular strain produced
56 references after the elimination of duplicates. After
filtering the titles and abstracts, 9 were eliminated be-
cause they were review articles, editorials or letters. The
full text review eliminated 32 reports, and 4 articles were
added by ‘hand searching’ and examination of bibliogra-
phies of existing papers, eventually, 19 articles could be in-
cluded in the systematic review. 18 studies had a control
group and one study compared patients with hypertension
with and without left ventricular hypertrophy [19-22,24—
38] (Supplementary Fig. 1). The initial search for my-
ocardial work and hypertension produced 107 references
after the elimination of duplicates. After filtering the ti-
tles and abstracts, 19 were eliminated because they were
review articles, editorials or letters and 6 were eliminated
because they were animal studies. Seventy-three were elim-
inated because they were not relevant, most of them because
they were published before the current form of assessment
and classification of non-invasive assessment of myocar-
dial work. Nine studies were subjected to meta-analysis
[39—47]. A similar summary for data evaluation consid-
ering global work indices was conducted (Supplementary
Fig. 2).

For studies of left ventricular strain, the patient char-
acteristics of the studies demonstrate a range of mean ages,
from 29 to 70 years (Table 1, Ref. [19-22,24-38]). The ma-
jority of studies had a mean age in the 50 years age group.
The sex distribution also varied between studies from 15%
to 100% with most studies having a majority of men. Stud-
ies were separated into those that had a control group and
those that compared patients who did or did not have left
ventricular hypertrophy. The degree of left ventricular hy-
pertrophy was included. For studies of myocardial work,
the patient characteristics of the studies demonstrate a range
of mean ages, from 38 to 72 years (Table 2, Ref. [39—
47]). Assessment of the quality of studies is challenging
for non-randomized case control studies especially the type
of studies that comprise the data base for this meta-analysis
[48]. The most frequently used assessment methodology—
the Newcastle-Ottawa scale was applied and ranked all of
the studies low. That scale gives a lower rank to stud-
ies with (i) hospital based groups compared to population-
based studies; (ii) no intervention in the case groups that
could be graded and (iii) lack of details to evaluate accu-
rate matching procedures for all variables in the controls
[48]. While the grading system ranked the studies low, it is
a characteristic of the nature of all of the ranking systems
but importantly the ratings were consistent between stud-
ies which justifies the inclusion of all studies in this anal-
ysis. Other assessment methods such as QUADAS rely on

a grading of the reference standard and disease progression
bias which are not relevant for the kinds of studies in this
review [49].

Global longitudinal strain was significantly lower in
patients with hypertension compared to those without hy-
pertension (Fig. 1). The majority, 13 of the 18 studies,
showed a significant difference between hypertension and
control group. The mean difference between the hyperten-
sive and non-hypertensive groups was 2.0 4= 0.1 (SEM) in
the fixed model and 2.1 =+ 0.3 in the random effects model,
although there was a significant amount of heterogeneity
between studies. There was a low probability for publica-
tion bias. The failsafe N was 1201 or one would have to find
1201 null studies for the relationship between hypertension
and GLS to be not significant (a 2 tailed p > 0.05).

Global circumferential strain was significantly lower
in patients with hypertension compared to those without hy-
pertension (Fig. 2). There was a significant amount of het-
erogeneity between studies. The mean difference between
the hypertensive and non-hypertensive groups was 1.37 £+
0.17 (SEM) using the fixed effects model and 0.87 + 0.45
in the random effects model. The failsafe N was 105 or
one would have to find 105 null studies for the relationship
between hypertension and GLS to have a 2 tailed p > 0.05.

Global radial strain was significantly (p < 0.05)
greater in patients with hypertension compared to those
without hypertension (Fig. 3). However, this difference was
significant in only 3 studies and was of borderline signifi-
cance in 3 of 14 studies where GRS was measured. There
was a significant amount of heterogeneity between studies.
The mean difference between the hypertensive and non-
hypertensive groups was 1.5 £ 0.5 using the fixed effects
model and 2.3 & 1.0 (SEM) using the random effects model.
The failsafe N was 37 or one would have to find 37 null
studies for the relationship between hypertension and GRS
to have a 2 tailed p > 0.05.

In the entire population, control and hypertensive
group, there was a significant relationship between GLS
and GCS as well as between GCS and GRS (Fig. 4). There
was no significant relationship between GLS and GRS.

There was no significant difference in the left ventric-
ular ejection fraction between the hypertension and non-
hypertension groups (Fig. 5).

Examining the relationship between LVEF and global
strain did not find any significant relationships between
LVEF and either GLS or GCS but a significant negative
correlation between LVEF and GRS (Fig. 6).

In order to explore whether left ventricular hypertro-
phy impacted the changes in left ventricular strain, an anal-
ysis was conducted on the subset of studies that evaluated
LV strain in patients with hypertension with and without
LVH (Table 3, Ref. [20,25,26,29,30,33,36,37]). Most, but
not all, studies, used the same definition of LVH.

There was a significant (p < 0.05) difference in GLS
in patients with hypertension and no left ventricular hyper-
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Global LV Radial strain

Model Studyname Statistics for each stud
Std diff Standard Lower Upper
in means error Variance limit limit
Xueta 2019 0195 0181 00383 0159 0550
Sunetal 2018 0.031 0158 05 0279 0341
Minatoguchi etal 2017 0.708 0177 0.031 0.356 1.080
Huang et al 2016 0.035 01989 0.040 0355 0426
Szelenyi etal 2015 0.387 0259 0.067 0119 0894
Shin etal 2014 -0106 0224 0.050 0543 0334
Tadic etal 2014 0.347 0208 0.041 0050 0744
Celic etal 2014 0.447 0165 0.027 0124 0769
Ozlan etal 2014 -024 0195 0.038 0677 0089
Kowzu etal 2011 -0308 0179 0.082 0657 0045
Imtalzano et al 2011 0.380 0200 0.040 0.011 0772
Galderisi eyal 2010 0.024 0329 0.108 0.621 0.669
Cappelli et al 2009 1.057 0315 0.029 0.440 1.675
Narayanan et al 2009 0174 0196 0.039 0.211 0.559
Fixed 0190 0053 0.003 008 0295
Random 0208 0098 0.009 o.o21 0.385

Std diff in means and 95% ClI

p-Value Z-Value
0279 1.082
0846 014
0.000 —i— 3972
0859 0177
0134 148
0640 0.468
0087 1712
0.007 —— 2715
0132 1.506
0087 1.710
0057 1.908
[ok=Z 4} 0073
0.001 —— 33%
0377 0884
0000 L 3 3565
0029 2183
-200 -1.00 0.00 1.00 200
Control Hypertension

Meta Analysis

Fig. 3. The forest plot for Global radial strain (GRS) in patients with hypertension compared to control groups without hyper-
tension. There was significant heterogeneity with Q =37.9, p < 0.001, I> = 65.7 and Tau? = 0.077 £ 0.47 (SEM). The failsafe N was 37
and Duval and Tweedie’s Trim and fill was 0.190 (0.086, 0.295) for the fixed effect model. LV, left ventricle; CI, confidence interval.

GLS vs GCS GLS vs GRS GCS vs GRS
[ L TRR R R R R R P PP P PP PP PP PP PP PP PP PP PP - r?=0.001 -
Eo ;:0 85 B 607 =063
i K oo . %
i v . L Gy e
) ° e = 40 —e & —~ 404 o
& & % B S
o 20 LIy r = - ] ° et °
o e & . s 2 «*
8 . o . ] ® 14 e L
-30 o o o, 20+ © 204
[ ]
-40 T T 1 0
T 1 Y
-30 25 20 -15 25 20 15 -30 -2'5 -2|0 1I 5
0,
GLS (%) GLS (%) GCS (%)

Fig. 4. The relationship between GLS, GCS and GRS. Each point represents the mean value for both the control and the individuals

with hypertension from each study. The Pearson’s r correlation and the p value are shown. GLS, Global longitudinal strain; GCS, Global

circumferential strain; GRS, Global radial strain.

trophy compared to the control groups without hyperten-
sion (Fig. 7). This was mainly evident in three of the seven
studies. There was significant heterogeneity between those
studies. The failsafe N was 76 or one would have to find 76
null studies for the relationship between hypertension and
GLS to have a2 tailed p > 0.05. There was also a significant
(p < 0.05) difference in GLS in patients with hypertension
and LVH compared to individuals with hypertension with-
out LVH; a finding that was evident in five of eight studies.
There was still heterogeneity between studies but less than
comparing the control to hypertension without LVH groups.
The failsafe N was 313 or one would have to find 313 null
studies for the relationship between hypertension and GLS
to have a 2 tailed p > 0.05.

Considering both groups, i.e., those with and without
hypertension together, there was no correlation between LV
mass and GLS (r=0.117, p = 0.522).

&% IMR Press

Evaluating global circumferential strain, there was no
significant difference in GCS for individuals with hyperten-
sion and no LVH compared to individuals without hyperten-
sion (Fig. 8). This was found in all studies. There was also
no significant difference in the random effects model in per-
sons with hypertension and LVH compared to those with
hypertension and no LVH. There was significant hetero-
geneity in these studies with three showing a significantly
lower and one with a significantly higher GCS.

For global radial strain, there was no significant differ-
ence in GRS between individuals without LVH compared
to those with LVH in the random effects model (Fig. 9), al-
though a significant difference was found in the fixed effect
model; attributable to two studies. Comparing individuals
with hypertension, the presence of LVH was not associated
with a significant difference in the random effects model al-
though a significant one was observed with the fixed effect
model attributable to only one study.
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Fig. 5. The forest plot for left ventricular ejection fraction (LVEF) in patients with hypertension compared to control groups

without hypertension. There was a weak difference in LVEF in the fixed effect model (p = 0.043) but none in the random effects model
(p =0.098). There was no significant heterogeneity with Q =24.9, p =0.097, 12 =31.7 and Tau? = 0.02 + 0.022 (SEM). CI, confidence

interval; SEM, standard error of mean.

The Global myocardial work index was significantly
lower in individuals with hypertension compared to con-
trols (Fig. 10). While there was significant heterogeneity
between studies, each study found a significant difference
between the groups. Hedges’ g is a measure of effect size
which indicates how much the groups differ from one an-
other. Comparing studies that had a concomitant measure-
ment of GLS, Hedges’ g was larger for GWI comparing hy-
pertension to control than for GLS comparing hypertension
to control (1.060 & 0.079 [SEM] vs 0.692 + 0.056, fixed
effects model).

Global constructive work (GCW) was significantly
lower in controls than in individuals with hypertension
(Fig. 11). While there was significant heterogeneity be-
tween studies, each study found a significant difference be-
tween the groups. Hedges’ g was larger for GWI comparing
hypertension to control than for GLS comparing hyperten-
sion to control (1.101 4 0.084 vs 0.692 £ 0.056, fixed ef-
fects model).

Global work efficiency (GWE) was significantly dif-
ferent in hypertension compared to the control group
(Fig. 12). There was one study in which this was not the
case and one study where the reverse was found, resulting in
considerable heterogeneity between studies. Overall a sig-
nificant difference between the groups was found. Hedges’
g was smaller for GWI comparing hypertension to control

than for GLS comparing hypertension to control (0.502 £
0.076 vs 0.692 £ 0.056, fixed effects model).

For global wasted work (GWW), there was signifi-
cantly less wasted work in controls compared to hyperten-
sion (Fig. 13). Although there was significant heterogeneity
between studies but each study found a significant differ-
ence between the groups. Hedges’ g was larger for GWW
comparing hypertension to control than for GLS comparing
hypertension to control (1.472 + 0.082 vs 0.692 + 0.056,
fixed effects).

4. Discussion

This review concluded that there was a significant re-
duction in GLS and GCS in hypertension while GRS was
increased in hypertension. GLS and GCS were significantly
related, with GCS and GRS being strongly associated while
GLS and GRS were not significantly related. There was a
minimal reduction in LVEF in hypertension. There was no
correlation between LVEF and GLS or GCS but a signif-
icant negative relationship was noted between LVEF and
GRS. The reduction in GLS in hypertension was not de-
pendent on the presence of LVH as GLS was significantly
reduced in individuals with hypertension but without LVH
compared to individuals without hypertension. However,
GLS was further reduced in persons with hypertension and
LVH compared to those with hypertension without LVH. In
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Fig. 6. The relationship between left ventricular ejection fraction (LVEF) and GLS, GCS and GRS. GLS, Global longitudinal

strain; GCS, Global circumferential strain; GRS, Global radial strain.

contrast, there were no or minimal differences in GCS and
GRS for individuals with LVH compared to those without
LVH. The various aspects of myocardial work showed sig-
nificant differences between persons with hypertension and
individuals without hypertension.

In the hypertensive and the control populations, GLS
and GCS as well as GCS and GRS were significantly re-
lated. In contrast, GLS and GRS were not significantly
related. These data suggest that there is some commonal-
ity of myocardial fibers and their location within the my-
ocardium while there are distinct differences in the nature of
the strain that is being measured when one assessing GLS,
GCS or GRS. Subendocardial and subepicardial layers are
purported to be mainly responsible for longitudinal strain;
mid-myocardial layers mainly account for circumferential
strain and thickening of all fibers in all three layers is mainly
responsible for radial strain [10]. The distribution and an-
gulation of myofibers in all layers, however, contributes to
each of these three kinds of strain [10].

Hypertension was associated with a reduction in GLS,
i.e., the deformation from the apex to base was smaller in
hypertension. The reduction in GLS is a reflection of a re-
duction in cardiac contractility. This finding was highly
significant in the studies by Lembo ef al. [22], Xu et al.
[36], Sun ef al. [38], Minatoguchi ef al. [29], Szelenyi et
al. [30], Shin et al. [35], Tadic et al. [34], Celic et al. [27],
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Ozkan et al. [26], Kouzu et al. [31], Imbalzano et al. [33],
Galderisi et al. [32], Cappelli et al. [24] and Narayanan et
al. [21]. There was a minority of studies that did not show
a reduction in GLS in hypertension.

Hypertension was associated with a reduction in GCS.
Because GCS evaluates the change in circumferential de-
formation, a smaller GCS is an indicator of a reduction in
cardiac contractility. This finding was highly significant in
the studies by Mordi et al. [28], Minatoguchi ef al. [29],
Santoro et al. [19], Celic et al. [27], and Cappelli et al.
[24]. In contrast to GLS, the significant finding with GCS
was present in a minority of the 17 studies.

Hypertension was associated with a greater GRS. Be-
cause GRS evaluates the change in radial deformation, a
larger GRS is an indicator of a hypercontractile left ventri-
cle in this dimension. This finding was highly significant
in the studies by Minatoguchi et al. [29], Celic et al. [27],
and Cappelli et al. [24]. Thus a significant abnormality was
present in only a small proportion of the 14 studies with
GRS data.

A major finding during this review was that the reduc-
tion in GLS in hypertension was not dependent on the pres-
ence of LVH. This finding suggests that GLS is a marker
for hypertensive heart disease in the absence of LVH. In
contrast, GCS and GRS were not different in patients with
hypertension without LVH and individuals without hyper-
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Fig. 7. Global longitudinal strain in patients with hypertension. (A) shows the forest plot for Global longitudinal strain (GLS) in

patients with hypertension but no left ventricular hypertrophy compared to control groups without hypertension. There was significant
heterogeneity with Q = 59.5, p < 0.001 I? = 89.6 and Tau? = 0.512 + 0.343 (SEM). The weighting of studies in each of the two models
is shown on the right side of the figure. The failsafe N was 76 and Duval and Tweedie’s Trim and fill was —0.513 (-0.8689, —0.338) for
the fixed effect model. (B) shows the forest plot for Global longitudinal strain (GLS) in patients with hypertension but no left ventricular

hypertrophy compared to individuals with hypertension and LVH. There was significant heterogeneity with Q = 30.8, p < 0.001 1> =77.2
and Tau? = 0.213 £0.151 (SEM). The failsafe N was 313 and Derval and Tweedie’s Trim and fill was —1.096 (—1.28, —0.915) for the
fixed effect model. CI, confidence interval; HTN, hypertension; LVH, left ventricular hypertrophy; SEM, standard error of mean.

tension. The presence of LVH is indicative of hypertensive
heart disease. GLS was further reduced in persons with
hypertension and LVH compared to those with hyperten-
sion without LVH. This was evident in the majority (five of
eight) of studies. In contrast, there were no or minimal dif-
ferences in GCS and GRS for individuals with LVH com-
pared to those without LVH. These data support the con-
tention that GLS is an early marker of hypertensive heart
disease. Furthermore it suggests that if there were only one
strain marker to measure, it would be GLS.

This study suggests the concept of a continuum in the
impact of hypertension on the heart. The continuum goes
from a healthy person without hypertension who has a nor-
mal GLS to a person with hypertension, who because of the
hypertension, has a reduction in GLS to a person with hy-
pertension who has a further reduction in GLS to a person
with hypertension who is in heart failure. Some patients
travel this continuum. Clinically, a physician would not
recognize the reduction in GLS so that the measurement of
GLS may be a critical method to identify the beginning of
the process of decline in left ventricular function.
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Examining the relationship between LVEF and global
strain found that there was no significant relationship be-
tween LVEF and either GLS or GCS but a significant nega-
tive correlation between LVEF and GRS. In animal studies,
GLS also correlates strongly with left ventricular +dp/dty.x
while the correlation between GRS and LV +dp/dt;,x was
weaker [50]. Which index of strain is best related to LV
ejection fraction has previously been unclear but changes in
GCS have been preferred. One clinical study concluded that
LVEF is produced principally by circumferential shortening
and is related independently to the relative wall thickness
[51]. Mathematical modeling of LV contraction suggested
that both longitudinal and mid-wall circumferential short-
ening contribute to different extents depending on the de-
gree of abnormality of myocardial shortening [52]. Huang
et al. [53] divided 123 patients with hypertension into 4
groups according to LVEF ranging from LVEF >55% to
LVEF <45%. All strain measurements were reported to
correlate with LVEF, with the strongest correlation with
GCS and the second in GLS [53]. The most likely explana-
tion for the difference between this meta-analysis and the
study by Huang ef al. [53] is that they examined a wide
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Fig. 8. The forest plots for Global LV circumferential strain and LVH. (A) shows the forest plot for global circumferential strain

(GCS) in patients with no hypertension (HTN) compared to the group with hypertension without left ventricular hypertrophy (LVH).
There was significant heterogeneity with Q = 139.5, p < 0.001, I? = 95.7 and Tau? = 1.29 =+ 0.83 (SEM). The relative weights are

shown on the extreme right with the first column for the fixed model and the second column for the random effects model. (B) shows

the forest plot for global circumferential strain (GCS) in patients with hypertension but no left ventricular hypertrophy (LVH) compared
to individuals with hypertension and LVH. There was significant heterogeneity with Q =98.1, p < 0.001 I? = 92.9 and Tau® = 0.846 +
0.522 (SEM). CI, confidence interval; HTN, hypertension; LVH, left ventricular hypertrophy; SEM, standard error of mean.

range of LVEF, so they had small subsets once the 123 pa-
tients were divided into 4 groups.

To our knowledge, this is the first meta-analysis to
evaluate myocardial work indices in hypertension com-
pared to individuals without hypertension. Each of the
four indices of myocardial work showed significant differ-
ences between patients with hypertension compared to in-
dividuals without hypertension specifically GWS, GWI and
GWW were increased while GWE was reduced in hyperten-
sion.

A major limitation of the use of left ventricular ejec-
tion fraction as an indicator of cardiac muscle function is the
dependence of EF on both preload and afterload as well as
its relative insensitivity to identify patients with early stage
heart failure [54]. Assessment of LV strain minimizes the
impact of preload and myocardial work adjusts for after-
load.

The increase in the global work index in hyperten-
sion has been considered to be a compensatory mecha-
nism to preserve LV contractility and function against an
increase in afterload [42]. Restating this concept, an in-
creased work demand is required to maintain adequate con-
tractility against an increased afterload [39].
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The severity of hypertension influences the magni-
tude of the changes in myocardial work [41,44]. Global
myocardial work index and global constructive work were
higher in resistant hypertension compared to individuals
with controlled-hypertension [41,44]. Individuals with re-
sistant hypertension have lower global work efficiency and
higher global wasted work compared to individuals with
controlled hypertension [40]. The concomitant presence of
diabetes mellitus accentuates the effect of hypertension on
myocardial work [43].

There were not a large enough number of studies that
examined global work in patients with hypertension with
and without LVH to perform a similar analysis that was con-
ducted for global myocardial strain. However, it is note-
worthy that Huang et al. [42] reported that GWI and GWW
were significantly increased in hypertension with and with-
out LVH while GWE was significantly reduced in hyper-
tension. Comparing individuals with LVH to those with-
out LVH, GWW was significantly increased in patients with
hypertension and LVH compared with those without LVH,
while GWE was significantly reduced in patients with hy-
pertension and LVH compared with those without LVH.
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Fig. 9. The forest plot for global radial strain (GRS) in patients with hypertension. (A) shows the forest plot for global radial strain
(GRS) in patients with no hypertension (HTN) compared to the group with hypertension without left ventricular hypertrophy (LVH).
There was significant heterogeneity with Q = 16.5, p = 0.005, I? = 69.6 and Tau? = 0.125 =+ 0.114 (SEM). The relative weights are shown
on the extreme right with the first column for the fixed model and the second column for the random effects model. (B) shows the forest
plot for global radial strain (GRS) in patients with hypertension (HTN) and no left ventricular hypertrophy (LVH) compared to the group
with hypertension with LVH. There was no significant heterogeneity with Q = 8.9, p =0.111, I> = 44.2 and Tau® = 0.042 + 0.06 (SEM).
The relative weights are shown on the extreme right with the first column for the fixed model and the second column for the random

effects model. CI, confidence interval; HTN, hypertension; LVH, left ventricular hypertrophy; SEM, standard error of mean.

Global Work Index

Model  Studyname Statistics for each stud __Std diff in means and 95% C1
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Tsai et al 2022 -0515 0237 0056 -0980 -0050 -2173 0.080 -
deAndrade Hygidio et al 2022 -1.458 0.309 0096 -2064 -0852 -4714 0.000
Ding et al 2022 -6521 0.504 0254 -7510 -5533 -12932 0.000 K
Huang et al 2021 -0.484 0174 0030 -0824 -0143 -2783 0005 E =
Tadic et al 2021 -1312 0.197 0039 -1699 -0926 -6654 0.000 E =
Jaglan et al 2021 -0.707 0292 0085 -1279 -0135  -2422 0015 —i—
Tadic et al 2020 -1.253 0179 0032 -1604 -0902 -7.002 0.000 -
Loncaric et al 2020 -0627 0204 0042 -1027 -0227 -3072 0.002 -
Chanetal 2019 -12218 1.346 1811 -14.85% -9581  -9080 0.000 K
Fixed -1.066 0.079 0006 -1222 -0911 -13425 0.000 $
Random -2.144 0.435 0189 -2996 -1291  -4928 0.000
-4.00 -2.00 0.00 200 4.00

No Hypertension Hypertension

Fig. 10. The forest plot for global myocardial work index (mmHg%) (GW]I) in patients with no hypertension (Control) compared
to the group with hypertension. There was significant heterogeneity with Q =212.7, p < 0.0001, I? = 96.3 and Tau® = 0.152 % 0.91
(SEM). CI, confidence interval; SEM, standard error of mean.

Study Limitations

The nature of meta-analysis is that it is dependent on
the available published literature. The strength of the con-
clusions is based on the validity of each study. The avail-
able data relies on mean results from each study and does
not utilize individual data from all studies. Second, while
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strain analysis is a relatively independent factor, it is not to-
tally independent of other factors such as age, sex and left
ventricular loading conditions [10]. Furthermore, two di-
mensional speckle tracking echocardiography is not with-
out its limitations [55]. The meta-analysis examined GLS,
GCS and GRS did not include assessment of strain in the
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Global Constructive Work

Model Studyname Statistics for each stud: __Std diff in means and 95% C1
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in means error Variance limit limit Z-Value p-Value
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Huang et al 2021 -0.457 0173 0030 -0797 -0117 2633 0.008 E 2
Tedic et al 2021 -1.550 0185 0034 -1913 -1.186  -8357 0.000 -l
Jaglan et al 2021 -0.743 0292 0086 -1316 -0170 -2542 0011 ——
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Fixed -1.107 0084 0007 -1273 -0942 -13.107 0.000 @
Random -2.305 0495 0245 -3276 -1335 -4656 0.000
-4.00 -2.00 0.00 200 4.00
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Fig. 11. The forest plot for global constructive work (mmHg%) (GCW) in patients with no hypertension (Control) compared to
the group with hypertension. The arrow represents confidence interval extending beyond the scale. There was significant heterogeneity
with Q =213.8, p < 0.0001, I = 96.7 and Tau® = 1.82 + 1.23 (SEM). The failsafe N was 584 and Duval and Tweedie’s Trim and fill
was —1.107 (-1.272, -0.942) for the fixed effect model. CI, confidence interval; SEM, standard error of mean.

Gilobal Work Efficiency

Model Studyname Statistics for each stud _Std diff in means and 95% C1
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
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-3.00 -1.50 0.00 1.50 3.00
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Fig. 12. The forest plot for global work efficiency (GWE) (%) in patients with no hypertension (Control) compared to the group
with hypertension. There was significant heterogeneity with Q = 58.7, p < 0.0001, 1> = 80.1 and Tau® = 0.364 =+ 0.242 (SEM). The
failsafe N was 120 and Duval and Tweedie’s Trim and fill was 0.504 (0.350, 0.655) for the fixed effect model. CI, confidence interval;
SEM, standard error of mean.

Global Wasted Work

Model Studyname Statistics for each stud Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value
Tsai etal 2022 -1.417 0225 0051 -1.858 -0976 -6304 0.000
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Jaglan et al 2021 -1.602 0222 0049 -2037 -1168 -7226 0.000
Tadic et al 2020 -0977 0193 0037 -1.3%5 -0599 -5061 0.000 —A—
Chenet al 2019 -3547 0527 0277 -4580 -2515 -6734 0.000
Fixed -1.481 0082 0007 -1642 -1320 -18.001 0.000
Random -1.653 0197 0039 -2038 -1267 -8401 0.000
-3.00 -1.50 0.00 1.50 3.00
No Hypertension Hypertension

Fig. 13. The forest plot for global wasted work index (mmHg%) (GWW) in patients with no hypertension (Control) compared to
the group with hypertension. The arrow represents confidence interval extending beyond the scale. There was significant heterogeneity
with Q =37.4, p < 0.001, I? = 81.3 and Tau® = 0.241 4 0.167 (SEM). The failsafe N was 725 and Duval and Tweedie’s Trim and fill
was —1.481 (-1.642,-1.320) for the fixed effect model. CI, confidence interval; SEM, standard error of mean.

various specific layers of the myocardium but rather fo- cause of their relative ease in measurement and potential
cused on the three major global strain measurements be- extrapolation to the clinical patient care. Third, it is im-
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portant to recognize that there are differences in calculated
LV strain between different vendors of products to measure
LV strain. This is especially an issue in the measurement
of GCS and GRS which may limit the consistency in the
measurement of these two factors producing greater vari-
ability so as to reduce their value. However, an analysis
of the literature must be all encompassing and is unable
to separate vendor specific differences from other factors
such as between patient differences. The kind of LV ge-
ometry such as eccentric or concentric changes in LV mass
may have a significant impact on myocardial work. How-
ever, the studies did not uniformly assess LV geometry so
this factor could not be included in the assessment of LV
work [56]. Lastly, in most of the analyses, in this paper,
there was a considerable amount of heterogeneity between
studies. A high amount of heterogeneity between studies of
LV strain has been found even in controls—people without
hypertension or concomitant diseases, in 24 studies consid-
ering 2597 subjects [57]. The only cause for heterogeneity
in that analysis was blood pressure [57].

5. Conclusions

There was considerable heterogeneity between stud-
ies in some of the analyses which likely is responsible for
ambiguity in the field. The strength of meta-analysis is the
ability to bring the studies together and obtain an overall
(group) average (‘consensuses’).

There was a significant reduction in GLS and GCS
in hypertension while GRS is increased. The reduction in
GLS in hypertension was not dependent on the presence of
LVH. GLS, however, was further reduced in persons with
hypertension and LVH compared to those with hyperten-
sion without LVH. In contrast, there were no or minimal
differences in GCS and GRS for individuals with LVH com-
pared to those without LVH. GLS is independent of LV ejec-
tion fraction. These data support the contention that GLS is
an early marker of hypertensive heart disease. Global my-
ocardial work index (GWI) and global constructive work
(GCW) were significantly greater in patients with hyper-
tension compared to controls. Global wasted work (GWW)
indicated significantly less wasted work in controls com-
pared to hypertension. In contrast, global work efficiency
(GWE) was significantly lower in hypertension compared
to the control.
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